Avian sarcoma virus UR2 and its associated helper virus, UR2AV, were molecularly cloned into AgtWES * XB by using unintegrated viral DNAs. One UR2 and several UR2AV clones were obtained. The UR2 DNA was subsequently cloned into pBR322. Both UR2 and UR2AV DNAs were tested for their biological activity by transfection onto chicken embryo fibroblasts. When cotransfected with UR2AV DNA, UR2 DNA was able to induce transformation of chicken embryo fibroblasts with a morphology similar to that of parental UR2. UR2-specific protein with kinase activity and UR2-specific RNA were detected in the transfected cells. Transforming virus, UR2(UR2AV), was produced from the doubly trantsfected cells. Five of the six UR2AV clones tested were also shown to be biologically active. The insert of the UR2 DNA clone is 3.4 kilobases in length and contains two copies of the long terminal repeat.
UR2 transforming sequence, ros, is ca. 1.2 kilobases. No significant homology was found between v-ros and the conserved regions of v-src, v-yes, or v-abl. By contrast, a significant homology was found between v-ros and v-fps. The v-fps-related sequence was mapped within a 300-base-pair sequence in the middle of ros.
Avian sarcoma virus (ASV) UR2 is a recently characterized replication-defective virus, which is able to induce sarcomas in chickens and efficiently transform chicken embryo fibroblasts (CEF) in culture (2) . CEF transformed by UR2 are characterized by an extremely elongated morphology (2) . Previous analysis of the UR2 RNA genome showed that it shares with its associated helper virus, UR2AV, ca. 2.1 kilobases (kb) of 5' and 3' sequences and contains at the middle of the genome ca. 1.2 kb of specific sequence, called ros (31) . Studies of the ros sequence by hybridization and oligonucleotide fingerprinting showed that it is distinct from the transforming genes of other known ASVs and acute leukemia viruses (21, 31) . The normal cellular DNA homolog of the ros sequence has been detected in chickens, quails, and ducks (21) . However, the expression of c-ros in various tissues and organs of 10-to 14-day-old chickens is very low (less than 1 copy per cell), except in the kidney (2.5 copies per cell) (21) .
The UR2-infected cells produced only the 24S genomic RNA (31) , which was shown to encode for a 68,000-dalton gag-ros fusion protein, P68, that was associated with a tyrosine-specific protein kinase activity (7) . The enzymatic properties of P68 are distinctive from those of other ASV protein kinases, i.e., Rous sarcoma virus (RSV) p60, Fujinami sarcoma virus P140, and Y73 ASV P90, in cation preference, pH optimum, and phosphate donors (7) . Similar to other ASV-transformed cells, organization of microfilament bundles in UR2-transformed CEF is significantly decreased Clearly, the UR2 ros represents a member of the family of retroviral oncogenes coding for the tyrosine-specific protein kinases, despite differences in nucleotide sequences among these genes. To understand the basis for the similarity and difference of the transforming functions among ros and other oncogenes, a detailed analysis of the genetic structure of UR2 and ros sequence is necessary.
We have molecularly cloned the full-length genomes of UR2 and UR2AV. Both were shown to be biologically active. Cross hybridization among ros and three other ASV transforming genes (src of RSV, fps [22] of Fujinami sarcoma virus, and yes [9] of Y73 ASV) showed that ros shared some sequence homology withfps and little or no homology with src and yes.
MATERIALS AND METHODS
Cells and viruses. The preparation of CEF, UR2, and the subgroup A UR2-associated virus (UR2AV) followed the previously published procedure (2, 31) . A methylcholanthrene-transformed quail cell line, QT6 (15) , was cultured similarly to CEF.
Isolation of closed circular proviral DNA. QT6 cells were seeded at 5 x 106 cells per dish and infected with UR2(UR2AV) at a multiplicity of infection of 1 in the presence of 17 ,ug of DEAE-dextran per ml. The medium was replaced 5 h later, and at 24 h postinfection the cells were harvested and circular proviral DNA was isolated by Hirt precipitation and acid-phenol extraction as described elsewhere (22, 29a) . A yield of 960 ,ug of DNA was obtained from a total of 98 8.5-cm dishes after acid-phenol extraction and was applied to a Bio-Rad A5m (100-to 200-mesh) gel column to remove small, contaminating linear DNA fragments. The column was washed, and the DNA was eluted with a buffer containing 20 mM Tris-hydrochloride (pH 7.2), 0.1 N NaCl, and 5 mM EDTA. A total of 20 ,ug of closed circular DNA was recovered in the peak fractions.
MOLECULAR CLONING OF AVIAN SARCOMA VIRUS UR2 915 Molecular cloning and subcloning of UR2 and UR2AV DNAs. One microgram each of EcoRI-or SstI-cut UR2 and UR2AV closed circular proviral DNAs were ligated to two micrograms of AgtWES * XB (11) EcoRI or SstI arms, respectively. One microgram of the ligation mix was packaged in vitro into lambda phage particles (11, 22) . Lambda arms were purified from the internal fragment by sucrose gradient centrifugation (13) . The recombinant phages were titrated on Escherichia coli ED8654 (16) RNA blotting and hybridization. Total cellular polyadenylic acid-containing RNAs from UR2AV-and UR2/UR2AV DNA-transfected cells were isolated by previously described procedures (27, 30) . RNAs were denatured with glyoxal, separated on 1% agarose gels, transferred to nitrocellulose paper (27, 30) , and hybridized to a 5' probe containing the leader sequence (see below) and to a probe derived from the 750-bp ros-specific DNA described above. Conditions for hybridization and washing of the filters have been described previously (30 Preparation of the following probes specific to various regions of the genome of the Schmidt-Ruppin strain of RSV was as described previously (27) . The 5' probe is a 500-bplong fragment extending from the EcoRI site within the U3 region of the left-hand long terminal repeat (LTR) to the BamHI site in the 5' gag region; the 5' gag probe is 1.3 kb and spans the two BamHI sites within the gag region; and the 3' gag probe extends from the second BamHI site in gag to the downstream EcoRI site and is 400 bp in length. The pol and pol-env probes were prepared from pSR2 (5). The pol probe is 1.45 kb and extends from the HindIII to the BglII site in pol; the pol-env probe is 1.8 kb, extends from the BglII site in pol to the EcoRI site in env, and covers the 3' portion of pol plus more than 1 kb of the env sequence. The c probe covers the 450 bp extending from the PvuII to the EcoRI site in the U3 region of Schmidt-Ruppin B.
A probe specific to 3' v-fps was derived from pBRFO4, a plasmid containing a 400-bp BamHI DNA fragment from Fujinami sarcoma virusfps (22) . The 3' v-yes probe used was the 1.1-kb PstI fragment from Y73 (9) , and the 3' v-src probe used was a 900-bp PvuII fragment from pTT107 (25) . Two ros-specific probes were used: one was the 750-bp EcoRIPvuII fragment which covers the 3' two-thirds of ros, and the other was an internal ros sequence, the 300-bp AvaI fragment D (see Fig. 6 ).
Restriction mapping. Two approaches were used. In the first approach, end-labeled DNAs were used for mapping. Cronex intensifying screen (Du Pont Co.). In this manner, the order of restriction sites from the labeled end could be precisely mapped.
In the second approach, cold UR2 and UR2AV DNAs were digested completely with the same set of enzymes used for partial mapping, electrophoresed through 0.8% agarose gels, and blotted onto nitrocellulose (23) . The approximate gene boundaries were determined by hybridizing the blots with 2 x 105 to 5 x 105 cpm of the gene-specific probes mentioned above. Hybridization and washing conditions have been described elsewhere (21) .
Hybridization of v-ros to 3'-specific v-onc probes. UR2 DNA was digested with enzymes that cut within ros, generating 5'-and 3'-ros specific fragments, which were blotted and hybridized to 2 x 106 cpm of probe under low (35% formamide, 5x SSC [lx SSC, 0.15 M NaCl plus 0.015 M sodium citrate]) or moderate (50% formamide, 3x SSC) stringency at 37°C for 2 days. Washing conditions for moderate-stringency hybridizations were similar to those described before (21) ; for low-stringency conditions, blots were washed three times for 20 min each in 300 ml of 26 mM Tris-hydrochloride (pH 7.4}-2x SSC-1 mM EDTA-0.1% SDS at 55°C, followed by a similar wash at 60°C. For sequential hybridization, the previous probe was eluted at 68°C in 40 ml of 50% formamide-1 x SSC-50 mM Trishydrochloride (pH 7.4)-i mM EDTA-0.1% SDS. The blot was exposed to an X-ray film overnight to determine the extent of elution. RESULTS
Restriction enzyme analysis of circula UR2 and UR2AV (10 ,ug) isolated by SDS-proteinase K extraction of UR2-and UR2AV-transfected cells were denatured with 1 M glyoxal and fractionated on 1% agarose gels. The RNAs were transferred to nitrocellulose paper and hybridized with a 5' leader or ros-specific probe. RNAs isolated from UR2(UR2AV)-infected cells were used as controls. 32P-labeled HindIII-cut lambda DNAs were denatured and run in parallel for molecular weight markers. each only once, and the linearized viral DNAs containing either one or two copies of the LTR banded at positions corresponding to ca. 3.5 kb for UR2 and 8.0 kb for UR2AV. EcoRI cleaved UR2 DNA once, liberating the linearized UR2 DNA, but cut UR2AV DNA three times, releasing several subgenomic fragments. The majority of the acidphenol-and column-purified viral DNAs appeared to be of the circular form. However, the majority of the DNA preparation was of cellular origin, because the viral DNA could be detected only by hybridization to the cDNA probe and not by ethidium bromide staining of the 2 jig of DNA loaded per well in the agarose gel (Fig. 1) .
Molecular cloning of UR2 and UR2AV DNAs. The remaining DNA from the EcoRI and SstI digests described above was used for cloning, using purified XgtWES -XB EcoRI and SstI arms. cDNA probe made from 24S UR2 RNA was used for the screening. Eight full-length helper viral DNA clones were obtained, using the SstI site for the cloning. Eleven lambda-UR2AV recombinant phages, each containing more than one UR2AV EcoRI fragment, and a lambda-UR2 clone were isolated, using the EcoRI site for cloning. About 0.15% (12 clones of 8,000 plaques screened) of the recombinant phages contained viral sequences, using EcoRI arms of the lambda DNA for the cloning. The number of UR2AV clones isolated was roughly 10- fold the number of UR2 clones isolated. This can be expected from the ratio of UR2AV to UR2 DNA (Fig. 1) . This probably reflected the ratio of the helper to the UR2 virus in the stock used for the infection of the QT6 cells. This has been previously observed in several UR2(UR2AV) virus mikowumo.
. 3"S-labeled proteins from cell lysates of uninfected and UR2(UR2AV)-infected CEF were analyzed in parallel.
stocks (2) . Each UR2 and UR2AV lambda recombinant phage clone was purified by three to four cycles of single plaque isolation.
To confirm the identity of the UR2 clone, the viral DNA insert was hybridized with probes specific to various regions of the RSV genome by the procedure of Southern (23) . As expected, the UR2 DNA hybridized only to the 5', 5' gag, and c probes, in addition to the cDNA made from UR2 genomic RNA, but not to the pol and pol-env probes. It has been previously determined (31) that the pol gene is deleted and the gag and env genes are truncated in the UR2 genome. Because the size of the insert from this recombinant clone, 3.4 kb, is equivalent to that determined for the UR2 genomic RNA (31), it is most likely that this clone contains a fulllength copy of the UR2 genome. However, this clone contained, in addition to the 3.4-kb UR2 insert, a tandemly linked 3.7-kb DNA fragment of nonviral sequence. Therefore, the 3.4-kb UR2 DNA was purified and subcloned into the EcoRI site of pBR322. All further studies of the UR2 genome were done with this recombinant plasmid clone, called pUR2.
Transfection assays of UR2 and UR2AV DNAs. Insert DNAs isolated from pUR2 and from one of the UR2AV lambda clones, 4B2, were transfected together onto CEF. The transfected cells displayed typical UR2 transformed elongated morphology and produced UR2(UR2AV) pseudotype ca. 2 weeks after transfection. This demonstrated that both UR2 and UR2AV clones tested were biologically active. In addition, five independently isolated UR2AV-lambda clones (A21, Dl, 1C-1, 4-1, 14-1) were cut with SstI to free the insert from the lambda DNAs and were transfected similarly onto CEF. Assays for reverse transcriptase activity in the culture fluid of transfected cells 10 days posttransfection were positive for all clones except clone 1C-1. The map of the UR2AV DNA insert of clone iC-1 was identical to that of 14-1, which was biologically active, except that the iC-1 insert was missing a portion of the SstIHindIl right-hand region (see Fig. 5 ). This region contains the LTR, and deletion of this segment might account for the loss of biological activity.
To confirm that the transformation was induced by UR2, total polyadenylic acid-containing cellular RNA was isolated from the transfected cells and analyzed by RNA blotting and hybridization. The transfected cells displayed a subgenomic and genomic RNA pattern identical to that of UR2(UR2AV)-infected CEF (Fig. 2) Viral specific proteins were also analyzed. CEF transformed by the molecular clones were labeled with [35S]methionine, and cell lysates were precipitated with RSV-infected TBR or anti-gag serum (Fig. 3) . DNA-transfected and virus-infected cells gave similar patterns with the same antisera, which precipitated the gag-ros fusion product, P68. Recognition of P68 by TBR serum was apparently via the gag peptide in P68. The appearance of P68 as a doublet in virus-infected cells has been observed previously (7) . The reasons for the appearance of this doublet are not clear. For assaying the kinase activity, cold cell lysates prepared from UR2/UR2AV-transfected CEF were immunoprecipitated with TBR or anti-gag serum and incubated in vitro with [y-32P]ATP. The results of this assay indicate that P68 was associated with protein kinase activity (Fig. 4) . The lower level of P68 kinase activity in the transfected cell lanes as compared with that in virus-infected cells was due to the fact that only ca. 20% of the transfected cells were transformed at the time of the experiment, as opposed to complete transformation in the virus-infected culture. The lower degree of transformation could be due to interference of the helper virus with the spreading of UR2(UR2AV). The non-P68 bands seen in the virus-infected culture (Fig. 4) were most likely due to incomplete washing of the immunocomplex. It was observed previously that immunoglobulin G could be phosphorylated by P68, particularly when TBR serum was used in the immunoprecipitation (7) .
The above studies show that molecularly cloned UR2 and UR2AV DNAs are biologically active and indistinguishable in effect on CEF from their respective parental viruses.
Restriction maps of UR2 and UR2AV DNAs. Restriction maps of UR2 and UR2AV were constructed by two methods. In the first approach, 32P-end-labeled DNA was partially digested with restriction enzymes and analyzed by gel electrophoresis. In the second approach, restriction enzymedigested, unlabeled DNA was hybridized with gene-specific probes to determine the physical order and genetic content of the DNA fragments. The results of such mapping for UR2AV and UR2 DNAs are shown in Fig. 5 and 6 , respectively.
The UR2AV DNA containing two LTRs is 8.0 kb, and several of its restriction sites are similar to those of Rousassociated virus-2 (RAV-2) (17). The KpnI, SstI, and BamHI sites in RAV-2 are conserved in UR2AV. A HindIII site in RAV-2 is also conserved in UR2AV, although UR2AV contains two extra HindIII sites in the env region. Similarly, UR2AV shares with RAV-2 two EcoRI sites, yet has an additional EcoRI site in the middle of the UR2AV genome. It does not contain an EcoRI site in the LTR, as does RAV-2. By comparing the restriction maps of UR2AV and UR2 DNAs, the gag-ros and ros-env borders may be determined. Construction of a detailed map of UR2 (Fig. 6) allowed a more precise definition of the gene borders than those determined before (31) . UR2 DNA has a single EcoRI site. There is no corresponding EcoRI site in UR2AV DNA, suggesting that this site is located within the ros-specific sequence. The gag-ros boundary appears to be located very close to the HaeII site immediately upstream from the righthand EcoRI site, because the 460-bp HaeII fragment B hybridized strongly to a UR2 representative probe and weakly to a UR2AV representative probe and the 5' gag probe (data not shown). The 750-bp PvuII fragment B appeared to contain only the ros sequence since it hybridized only to the UR2, but not the UR2AV, cDNA probe. The rosenv boundary was mapped between the PvuII site and the second AvaI site from the left, because AvaI fragment B hybridized to both the UR2 and UR2AV cDNA probes (data not shown). Since AvaI fragment B could not hybridize with gag, pol, and c probes, we inferred that the sequence present in this DNA and hybridizable with UR2AV cDNA must be the env sequence. The mapping is consistent with the previous finding that two highly conserved env-specific oligonucleotides, spots 11 and 12a, located at 96 and 594 nucleotides, respectively, upstream from the termination codon of gp37 of the SR-A genome, were present in the UR2 genomic RNA (31) . Given the estimates of these borders, ros is ca. 1.2 kb in length.
From the results of the restriction enzyme analysis, we concluded that the UR2 genome is 3.4 kb in length and contains in the middle ca. 1.2 kb of transforming sequence ros. UR2 shares with UR2AV 0.8 kb of 5' leader and gag and 1.4 kb of 3' env and c sequences.
Homology between v-ros and other transforming genes. Previous comparison of the ros sequence with those of src, fps, and yes by liquid hybridization between viral RNAs and cDNAs specific to individual v-onc sequences detected no significant homology between ros and the rest of the ASV (9, 20, 22) (Fig. 7) . No significant hybridization was detected between v-ros and v-yes, even under conditions of low stringency (35% formamide, 5 x SSC), although the vyes probe cross hybridized with the 3.1-kb EcoRI fragment of SR-A (from pTT107) containing the entire v-src sequence, as well as with the 0.75-kb PstI 3'-src specific fragment (from psrc6). The high degree of amino acid sequence homology within the C-terminal half of pp60rc and pp9OYes has been shown previously (9) . Hybridization of this v-yes probe to UR2 DNA fragments containing gag and env sequences and to UR2AV DNA is apparent in Fig. 7A . This was due to contamination of the yes-specific probe with helper virusrelated sequences of Y73, since the 1.1-kb 3' v-yes fragment was slightly contaminated with the 1.4-kb gag-5' yes fragment and the 1.5-kb fragment containing the env and LTR region of Y73 (9) . The 1,300-bp NruI fragment B (Fig. 6 ) hybridized to this 3' yes probe, apparently due to the env sequences present in this DNA. Neither of the ros-specific fragments (HincII-B and PvuII-B) hybridized with the 3'-yes probe.
No hybridization between v-src and v-ros sequences could be detected, although intense hybridization of the v-src probe to pTT107 EcoRI and psrc6 PstI was seen (Fig. 7B) . which hybridized with much less intensity, was the pBR322 vector. The insert src DNA used as probe might not have been completely purified from the pBR322 vector after one cycle of gel purification. The EcoRI-PvuII ros-specific probe hybridized to the expected ros-containing, but not to the srccontaining, DNAs (Fig. 7C ).
However, under low as well as under moderate (50% formamide, 3x SSC) stringency, the 400-bp probe representative of the 3' conserved region of v-fps (the BamHI insert from pBRFO4) (22) hybridized significantly to v-ros (Fig. 7D) . AvaI cleaves UR2 into six fragments (Fig. 6) , four of which contain portions of the entire v-ros: the 460-bp AvaI-C covers the gag-ros junction, including ca. 300 bp of 5' v-ros; the 160-bp AvaI-E and the 300-bp AvaI-D contain only internal v-ros sequences; and the 550-bp AvaI-B contains ca. 450 bp of 3' ros plus env sequences. Only the 300-bp AvaI-D hybridized with the v-fps probe. Conversely, a probe made from AvaI-D hybridized to the 400-bp 3' v-fps DNA fragment ( Fig. 7D and E) . BglII cleaves UR2 DNA into the 125-bp B fragment that covers the 5' portion of AvaI-D and into the 3,275-bp A fragment containing the rest of the genome (Fig. 6) . The v-fps probe hybridized only to the 3,275-bp BgIII fragment A (Fig. 7D) , indicating that the sequences homologous to v-fps were contained within a 175-bp ros sequence between the BglII and AvaI sites. However, we cannot rule out the possibility that failure to detect BglII fragment B might be due to the inefficiency of DNA transfer.
The location of the fps-related sequence within v-ros is reminiscent of that of v-abl (18) among the transforming genes coding for tyrosine protein kinases. We checked the homology between v-ros and v-abl. When a probe derived from the 5' 1.2-kb of v-abl DNA (19) was used, no significant hybridization could be detected (data not shown).
DISCUSSION
Biological activity of the UR2 and UR2AV clones. Although UR2 DNA could readily induce transformation of CEF when cotransfected with UR2AV DNA, so far we have not been able to transform a rat cell line, 3Y1, with UR2 DNA. Under similar conditions, 3Y1 cells could be transformed by either SR-A or Fujinami sarcoma virus DNA (14, 22; unpublished data). The reason for the failure of UR2 DNA to transform 3Y1 rat cells is not clear. We are currently investigating the possibilities that the promoter sequence in UR2 DNA might not be recognized efficiently in the rat cells or that a second oncogene may be required for ros to induce complete transformation of rat cells (10) .
Seven of the eight UR2AV clones were tested for biological activity by transfection onto CEF. All but one clone, UR2AV iC-1, were found to be biologically active. Clone UR2AV 1C-1 was shown by preliminary restriction mapping to be truncated in the region of the LTR. This deletion was most likely responsible for the loss of biological activity.
Genetic structure and gene product of UR2. Hybridization of the UR2 DNA restriction fragments to probes representing different regions of the SR-A genome and sizing of the fragments have enabled us to map more precisely the genomic domains of UR2 than those obtained previously by oligonucleotide mapping (31) . Our data indicate that the UR2 genome contains ca. 0.8 kb of 5' leader and gag sequences, 1.2 kb of ros-specific sequence, and 1.4 kb of env and 3' sequences. UR2 has been shown to code for a gag-ros fusion protein of 68,000 daltons (P68) with tyrosine-specific protein kinase activity (7) . Our data suggest that the partial gag and the ros sequences code for 15-and 44-kilodalton polypeptides, respectively. This leaves ca. 9 kilodaltons of peptides unaccounted for in P68. It is possible that the residual env sequences may code for the 9-kilodalton of the C-terminal peptides of P68. Alternatively, the apparent molecular weight of P68 determined by SDS-polyacrylamide gel electrophoresis may not reflect the true value due to glycosylation or unusual amino acid sequence. Glycosylation of the ros fusion protein seems unlikely since we showed previously that in vitro translation of the 24S UR2 genomic RNA, using reticulocyte lysate, only yielded the P68 gag-ros fusion protein (7) .
Homology of ros with other oncogenes. Our data indicate that a sequence within the 300-bp AvaI fragment D (Fig. 6 ) has significant homology with the 3' conserved region offps. This is unusual among the tyrosine protein kinase-coding transforming genes in that the conserved region in v-ros is at the middle of the gene. The only other retroviral transforming gene of the tyrosine kinase family with conserved sequence outside the 3' region is v-abl, and v-ros apparently shares no homology with v-abl. It has been shown that the protein kinase catalytic domains of pp60src, pp140fPs, and ppOWYes are contained within the carboxy-terminal half of these proteins (12, 20, 32 Chem., in press). It is likely, given the middle conserved region in ros, that the catalytic domain is contained within this domain of P68. Deletion of the 3' two-thirds of v-abl did not affect its transforming ability (18) . If the catalytic domain of v-ros is indeed located in the 5' half, it will be interesting to determine whether the 3' ros sequence is required for the transforming function.
